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ABSTRACT

Author: Fairbanks, Andrew, J. MSNE
Institution: Purdue University
Degree Received: December 2017
Title: Nanosecond Electric Pulse Induced Changes of Mammalian Cell Suspension
Conductivity in Real Time
Major Professor: Allen L. Garner
Electric pulses (EPs) have been used for many biological applications from
electrochemotherapy to wound healing. While conventional techniques use microsecond
to millisecond pulses, more recent techniques use nanosecond EPs (NSEPs) with a much
higher amplitude. Generally, the longer duration pulses fully charge the plasma membrane
to permeabilize it in a process called electroporation. NSEPs fully charge the smaller
intracellular organelles to enable the manipulation of intracellular function; however, they
still partially charge the membrane to permeabilize it to facilitate the transport of smaller
ions. Experiments have demonstrated this motion using dyes and long-term (on the order
of minutes) electrical measurements.
This thesis studies the net motion of ions during one or more NSEPs to establish
the direction the ions flow, into or out of the cell, to better understand the mechanisms
involved with electroporation. This was done by examining the change in electrical
conductivity of a Jurkat cell suspension by measuring the voltage and current for three
different energy densities determined at two pulse durations (60 ns and 300 ns), three buffer
solutions (growth media, Hank’s balanced salt solution (HBSS), and a low conductivity
buffer (LCB)), and pulse trains of one, five, and fifteen pulses. A simulation coupling the
asymptotic Smoluchowski equation for EP induced membrane pore formation and the

xviii
Nernst-Planck equation for ion motion due to diffusion and electrophoresis elucidated the
contribution of various electrically driven mechanisms for ion motion.
The electrical conductivity increased for each pulse duration for cell suspensions in
growth media or HBSS, indicating net ion motion from the intracellular to extracellular
fluid. Applying 300 ns pulses also increased suspension conductivity for the LCB; however,
suspension conductivity decreased during the 60 ns pulse, indicating net ion motion into
the cell. The simulations indicated that EP induced electrophoresis would reduce
suspension conductivity, as observed for the 60 ns EPs in LCB. Thus, a nonelectrical
mechanism, such as EP induced shock waves or cell membrane temperature gradients,
which are both mitigated by shorter durations and lower buffer conductivity, or colloidosmotic swelling, must drive the increased suspension conductivity for other conditions.
Similar results arose during the final pulse during cell treatment using one, five, and fifteen
EPs. These results elucidate ion motion during the NSEP and provide a means for future
studies on the efficacy of bipolar pulses to better optimize electroporation pulse parameters
for various medical treatments.

1

1. INTRODUCTION

Electroporation is the phenomenon that arises in the plasma membrane or cell wall
when an applied electric pulse (EP) generates pores in the lipid bilayer [1], [2]. In
conventional electroporation, EPs with durations on the order of microseconds to
milliseconds create large pores, typical radii on the order of tens of nanometers [1], that
allow molecules to traverse the plasma membrane. EPs with durations, on the order of
nanoseconds create much smaller pores in the membrane in a phenomenon referred to as
supra-electroporation, or nanoporation [3]. Conventional electroporation directly affects
the plasma membrane by fully charging it while nanosecond EPs (NSEPs) create smaller
pores because they do not fully charge the plasma membrane, but can impact the
intracellular organelles and nuclear envelope [3]. Thus, the EP parameters, such as duration
and field strength, determine whether they target the plasma membrane and intracellular
organelles [4]–[12]. Appropriate EPs can create pores larger than the critical radius,
causing irreversible electroporation, resulting in cell death [9]. Due to their intracellular
effects, NSEPs can induce apoptosis, or programed cell death, by impacting intracellular
organelles, such as the mitochondria, to release calcium and caspase [8]. Figure 1 shows
the regimes of these EP induced biological effects based on pulse duration and electric field
[3].
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Figure 1:The approximate regimes for electroporation resulting from varying the pulse
duration and applied electric field [3].

1.1 Conventional Electroporation
Conventional electroporation, characterized by microsecond to millisecond EPs,
has been used to permeabilize plasma membranes and transport ions into cells since the
early 1970’s [2]. Applying an EP of sufficient duration and intensity causes the
transmembrane potential to increase to a critical value, typically on the order of 1 V [13],
to initiate pore formation. The creation of these pores has allowed scientists to perform
intracellular assays more effectively, due to the increase in dye uptake, for different
biological applications [1]. The ability of applied EPs to permeabilize the plasma
membrane and other organelles has allowed researchers to investigate different
applications for this phenomenon, including gene therapy, electrochemotherapy, and tumor
reduction due to induced apoptosis [13].
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Conventional electroporation is generally characterized by having a pulse width
ranging from 1 µs to 1 s, as shown in Figure 1 [3]. These pulse durations exceed the plasma
membrane charging time which is on the order of microseconds [14]. Since the applied
membrane voltage required for electroporation is 0.5-1.5 V [1], one can calculate the
electric field required for electroporation to be on the order of 300 V/cm for a 10 µm radius
cell [14].
One may apply either monopolar or bipolar pulses. Recent studies indicate that
bipolar pulses increase permeabilization efficiency more than to monopolar pulses [15]–
[17]. Bipolar pulse waveforms are generally symmetrical in shape and amplitude and
opposite in sign. Bipolar pulses increase the permeabilization since the reverse polarization
of the second pulse allows for the addition of pores to the opposite side of the cell, creating
a more uniform application of the field in relation to the shape of the cell [17]. There also
is a higher probability of permeabilization of the membrane due to field reversal on the
second portion of the pulse for non-spherical cells [17].

1.2 Nanosecond electroporation
Conventional electroporation is inherently a plasma membrane charging
phenomena; however, EPs with durations shorter than the charging time can induce
noticeably different effects. These shorter pulses with faster rise times can preferentially
alter intracellular organelles due to the shorter charging times of their membranes and the
higher frequency content of the pulses with minimal membrane effects [18]. In other words,
these NSEPs form pores much smaller than those of conventional electroporation [8], [10],
[19]–[21]. The creation of these nanopores has been shown by the uptake of small dyes,
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such as YO-PRO 1, and ions into the cell [22], [23]. These nanopores play a major role in
enabling the ion transport that activates platelet gels for wound healing by triggering
growth factor release at the same or higher levels than the current state of the art ex vivo
activation method, biochemical release mechanism, bovine thrombin, [24]–[26], which can
cause allergic reactions in some patients [24].
One particular organelle that is affected by nanosecond EPs is the mitochondria [8],
[10], [20]. The nanosecond EPs cause the mitochondria to release calcium and caspase,
thus starting the apoptotic chain reaction [27]–[30]. This allows for treating cancer without
harmful chemotherapy drugs that cause damaging effects on the surrounding tissue. This
has motivated ongoing studies to explore the impact of different pulse parameters.
As in conventional electroporation, bipolar nanosecond pulses were investigated as
well [31]–[34]. The results using bipolar nanosecond pulses were the opposite as the
conventional bipolar pulses [31], [32]. The decrease in membrane permeabilization were
shown both experimentally [32] and theoretically [31]. Also, the calcium released due to
the bipolar nanosecond pulses was less effective as the monopolar nanosecond pulses [31].
The nanosecond pulses did, however, generate other effects that contributed to the
permeabilization of the membrane.

1.3 Membrane Pore Formation and Ion Motion
The lipid bilayer of a mammalian plasma membrane is comprised of polar
molecules called lipids. Applying EPs increases the membrane voltage, which increases
the energy of the membrane. The water molecules then start to impinge onto the membrane
with some water molecules moving into the middle of the bilayer, as shown in Figure 2 (a).
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The water molecules start to pull other water molecule with them into the membrane,
rotating the hydrophilic lipid head groups as they follow the water in. This process
continues to build creating a tubular pathway through the membrane, allowing more water
molecules to enter, as shown in Figure 2 (b) and (c). Once the water molecules start to
reach the interior layer of the lipid bilayer, the hydrophilic heads start to rotate towards the
water molecules, as shown in Figure 2 (c). The water pathway is complete when the lipids
on the interior of the membrane have formed around the tubular pathway moving through
the membrane, as shown in Figure 2 (d) [35].

6

Figure 2: Molecular dynamics simulation of pore development in a mammalian cell
membrane during an electric pulse. The red and white spheres represent oxygen and
hydrogen, respectively, while the yellow and blue spheres represent the phosphorus and
nitrogen head groups, respectively. The grey spheres are the phospholipid acyl oxygen
molecules. The membrane is shown with the water outside (a), then the water starts to
impinge on the membrane (b), as the water continues to move through the membrane a
channel starts to form (c), once the head groups follow the water a pore will form across
the entire membrane (d) [35]. ©[2013] IEEE
While these pores are open, they will allow ions and molecules to pass through
depending on the size of the pore and the molecule. These are hydrophilic pores and are
believed to be the pores that form as a result of electroporation [1]. These pores have a
statistical distribution in the membrane that one may numerically model.
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There have been various methods to model pore formation in the plasma membrane
and ion motion in the extracellular suspension and cytoplasm. One such method couples
the asymptotic Smoluchowski equation [4], [5], [36]–[46] for pore formation to the NernstPlanck equation for ion motion. The Smoluchowski equation is a statistical representation
of how the pore population changes over time as a function of applied electric field. The
Smoluchowski equation [46] for calculating the evolution in the number of pores over time
is given by
𝜕𝑛(𝑟, 𝑡) 𝐷 𝜕𝐸(𝑟)
𝐷𝜕 2 𝑛(𝑟, 𝑡)
−
[
]−
= 𝑆(𝑟),
𝜕𝑡
𝑘𝑇 𝜕𝑟
𝜕𝑟 2

(1)

where n is the number of pores in the cell membrane, D is the pore radius diffusion constant,
r is the radius of cell, k is the Boltzmann’s constant, T is the absolute temperature, E is the
pore energy, and
𝑆(𝑟) = [

𝜈𝑐 ℎ 𝑑𝑈(𝑟)
𝐸(𝑟)
]
𝑒𝑥𝑝 [−
] 𝑑𝑟𝑑𝑡,
𝑘𝑇 𝑑𝑟
𝑘𝑇

(2)

is the pore growth rate, where 𝜈𝑐 is the rate density, and h is the membrane thickness. The
PDE shown in (1) is very computationally intensive and difficult to solve. The model can
be adapted to a simpler asymptotic model to evaluate the pore formation and growth in the
membrane as [47]
2

𝑑𝑁
𝑉𝑚
𝑁
= 𝛼 exp ( ) (1 −
2 ),
𝑑𝑡
𝑉𝑒𝑝
𝑁0 exp [𝑞(𝑉𝑚 ⁄𝑉𝑒𝑝 ) ]

(3)

where N is the pore density, α is the creation rate coefficient, and q = (rm/r*)2 represents the
constant for pore creation. The minimum energy radius at Vm=0 is rm. When the pores
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initiate, they start at a minimum radius of hydrophilic pores, r* = 0.51 nm [36], and grow
based on the rate equation given by
𝑑𝑅𝑗
= 𝑈(𝑅𝑗 , 𝑉𝑚 , 𝜏), 𝑗 = 1,2, … , 𝑘,
𝑑𝑡

(4)

where N varies with time t and the inclination angle of the cell relative to the applied
electric field, θ, q is the pore creation constant, Vep is the characteristic voltage of
electroporation, a is the pore creation rate coefficient, Vm is the membrane voltage, which
is solved self-consistently with Laplace’s equation [16], R is the pore radius, U is the
advection velocity, and τ is the effective membrane tension.
1.3.1

Ion motion
One can calculate ion motion during the applied EP by coupling (3) with the Nernst-

Planck equation, given by
𝜕[𝑋]
= ∇ ∙ (𝑤𝑋 𝐹𝑧𝑋 [𝑋]∇𝜑) + ∇ ∙ (𝐷𝑋 ∇[𝑋]) − 𝑘+ [𝑋][𝑌] + 𝑘− [𝑋𝑌],
𝜕𝑡

(5)

where X is the ion under evaluation, wX is the mechanical mobility of X calculated using
the Einstein relation D = wRT, where R is the universal gas constant and T is the
temperature, F is the Farday constant, zX is the valance number of X, φ is the potential at
that point, DX is the diffusion coefficient of X, and k+ and k- are the association and
dissociation of the molecule XY, respectively [36].
The first term on the right hand side of (5) is the ion motion due to electrophoresis,
the ion motion during an applied electric field. The second term represents the motion due
to diffusion. When evaluating ion motion during conventional electroporation, the
diffusion portion plays a large role in the overall concentrations on sufficiently long
timescales on the order of ~5 ms [5]; however, when looking at the motion of ions on the
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order of nanoseconds, electrophoresis will be the main force behind ion motion. The last
two terms depend on the system and the molecules under examination. For salts that will
dissociate completely in the medium, these terms are not necessary; however, these terms
will play an important role in the overall concentration of ions for molecules that are not
completely saturated or supersaturated in the suspension.
To better understand the mechanisms behind electroporation, some researchers
have turned to molecular dynamics (MD), which simulates the physics of a section of
plasma membrane with water on a molecular level to infer different possible mechanisms
that contribute to the pore formation [35], [48]–[52], as shown in Figure 2. The complexity
of the MD simulations limits the time and dimensional scales at which they run. They are
used for a small section of bilayer, ~ 200 nm2, and generally only contain one cation or
anion in the solution. There are normally no intracellular organelles or complex molecules
in these systems; however, they do provide a first order approximation of the potential
physical mechanisms involved in the electroporation phenomenon [35].
The MD simulations indicate that the phospholipid heads rotate once the membrane
potential reaches a critical level [35]. The hydrophilic heads then form around the water
channel that is created in membrane [35]. It has been hypothesized that once the fields are
applied, the dipole of the lipids and the water molecules will produce a preferential
orientation that will start an indentation into the membrane by the water molecule. Once
achieved, the hydrophilic heads will follow the water molecules as they move further into
the membrane and thus create a hydrophilic pore [35], [49].
In addition to electrophoresis and diffusion, thermal diffusivity can drive ion
motion [53]–[57]. The temperature gradients generated by the applied EP can produce a
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thermophoretic force that causes the ions to move in the solution in the direction of the
thermal gradient. This effect can be represented by the Soret coefficient, which is the ratio
of the thermodiffusion coefficient to the diffusion coefficient [53]. These ions will move
from higher to lower temperatures based on the sign of the Soret coefficient, with a positive
Soret coefficient resulting in the motion from higher to lower concentrations and a negative
Soret coefficient resulting in the motion from lower concentration to higher concentration
[53]. The sharp rise times of EPs can produce a large temperature gradient across the
membrane even with minimal temperature change to the surrounding media or the cell [55],
[56]. A thermal gradient may also occur for longer duration pulses, but with much lower
amplitude [57].
The temperature gradients calculated for the plasma membrane are larger when the
pulse duration is shorter than the thermal relaxation time of the membrane [55]–[57].
Numerical simulations showed that as the conductivity decreases the temperature gradient
also decreases. Thus, ions with a positive Soret coefficient should move in the direction of
the thermal gradient [53], [57].

1.4 Applications
EPs have been used for decades in many different industries from medicine to
agriculture. EPs can inactivate microorganisms that are detrimental to food [58], [59].
Conventional electroporation with fields up to 21 kV/cm and durations ranging from 2-20
µs and a total number of ten pulses have been used [58], [59]. The elimination of the
bacteria and yeast was done without raising temperatures to a level necessary for
sterilization [58], [59].
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The electropermeabilization of the plasma membrane also motivated research into
the potential synergistic combination of EPs and chemotherapy [60]–[64]. The pores that
form in the membrane facilitates drug transport into the cell, increasing the drug’s efficacy
[61], [63], [64] and reducing tumor size more than either EPs or drugs alone [62].
Electrochemotherapy has been shown to be very effective in animal studies as well
reducing the size of tumors significantly compared to standard chemotherapy [65]. These
longer pulses can also eliminate cancer cells without the application of cancer drugs
through irreversible electroporation [66].
Electroporation can also enable gene therapy by increasing gene delivery efficacy
[67]–[71]. The application of EPs allows for larger DNA constructs to traverse the
membrane, making treatments more effective [71]. The longer pulses used in conventional
electroporation allow the pores to form and then remain open while the molecules enter
into the cell either due to electrophoresis (movement along electric field lines during EP
application), or diffusion (movement through long lived pores after the EP) [70]. These
pulse trains also allow for the application of the required energy for sustained pore
formation while greatly decreasing the potential for electrical damage to the tissue [70].
If a sufficiently strong or long duration EP is applied, one can ultimately reach a
critical point where the pore cannot reseal after the EP is removed [15], [66], [72]. The
corresponding pore size is referred to as the critical pore radius and can be considered as
the limit at which the cell will definitely die due to necrosis. Sterilization often uses either
monopolar or bipolar square pulses with durations on the order of microseconds [15].
Bipolar pulses induced equivalent or greater sterilization efficacy than monopolar pulses
[15]. The treatment time and temperature of the solution also play a role in the efficacy of
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the sterilization. Efficacy increases with increasing temperature, electric field amplitude,
and pulse duration [72].

1.5 Multiphysics Phenomena
In addition to direct electric effects, the EPs and subsequent interaction may
impact the following phenomena; temperature gradients, shock waves, and colloidosmotic swelling.
1.5.1

Temperature gradients
Temperature gradients have also been examined using analysis, simulation, and

MD [54], [55], [57], [73]. Considering the plasma membrane as a capacitor in a simple
circuit analysis of the cell means that the cell has a frequency dispersion factor [55]. A
large thermal spike occurs when the lower value of the frequency asymptote of the
capacitance has a significant overlap with the frequency domain of the applied EP and the
resulting duration is shorter than the thermal diffusion time of the plasma membrane [55].
Similarly a short, tens of nanoseconds, pulse applied at a low repetition rate will also cause
a much larger thermal gradient across the cell membrane than a conventional
electroporation pulse with the same energy [54]. These induced thermal gradients may also
result in an induced electric field across the membrane due to the thermoelectric effect.
Although the induced electric field is unlikely to result in electroporation itself, it can
increase the efficacy of the electric pulse to permeabilize the membrane [54]. Subsequent
MD simulations demonstrate that combining an EP with a temperature gradient increased
pore formation compared to just the EP alone [57].
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Bipolar (or multiple pulses with a very short time between pulses) may also create
membrane temperature gradients [73]. Additionally, a large membrane temperature
gradient arises when the period of the bipolar pulse is shorter than the thermal diffusion
time of the cell. As the frequency increases the temperature gradient also increases in
magnitude [73].
1.5.2

Shock waves
The application of a NSEP can also produce a pressure transient in the liquid [74]–

[76], which results in mechanical stress to the membrane [75] with intensities greater than
13 kPa [76]; however, this pressure transient is not sufficient to create pores in the
membrane [76]. For a given applied electric field, the shock waves also increase in intensity
with increasing buffer conductivity [77].
1.5.3

Colloid osmotic swelling
Colloid-osmotic swelling [78]–[81] occurs because the permeability differences of

ions and intracellular macromolecules inside the cell produces a pressure gradient that
forces water into the cells, which increases the cells’ volume [78]. This can potentially
explain results seen in experiments where indicator dye continues to flow into the cells
long after the conclusion of the applied pulse [81]. This ion motion into the cells causes
the overall conductivity of the solution to decrease, which can be experimentally measured.
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1.6 Electrical Measurements using Time Domain Dielectric
Spectroscopy
While most assessments of membrane permeabilization involve either biological
assays, such as dye uptake, or localized electrical measurements[22], [23], such as patch
clamp[13], [23], [79], one can also utilize electric measurements of the full cell suspension.
When considering a cell as a single shell sphere model one can determine the cell’s
dielectric parameters using dielectrophoresis [82]–[84], where an AC field is applied to a
cell suspension and the change in distribution of the cells due to the induced dipole is
measured [82]–[84]. When determining the dielectric parameters of the cell and
intracellular structures there are two main techniques used. One such technique is
frequency domain dielectric spectroscopy [85], where a narrowband frequency is applied
to the cell suspension and the reflection of the pulse is measured [86]. This technique,
however, may be very time intensive because multiple frequencies must be applied [87].
Another technique is time domain dielectric spectroscopy (TDS) [87], [88], which applies
a low intensity electric pulse, with a much larger frequency content, to a cell suspension to
measure the signal reflection, which is transferred to the frequency domain to determine
the conductivity (σ) and permittivity (ε) of the suspension. One can then use effective
medium theories to determine the conductivity and permittivity of a single cell and a two
shell model, shown in Figure 3, to extract the conductivity and permittivity of the cellular
membrane, cytoplasm, nuclear envelope, and nucleoplasm [88], [89].
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Figure 3: (a) The two shell model used in effective medium theory to describe the
dielectric properties of the cell [7] and (b) the electrical representation of a single
mammalian cell [90] ©[2006] IEEE.

TDS involves taking a small sample of cells suspended in solution and applying a
low voltage pulse to the sample and measuring the resulting reflected signal [7], [87], [88],
[91], [92]. Researchers have shown that after the high voltage pulse is applied to the cell
suspension the membrane conductivity will increase after the pulse for both conventional
electroporation pulses and nanosecond electroporation pulses [87]. A conventional
electroporation pulse induces a larger increase in plasma membrane conductivity than a 10
ns EP with a similar energy [87].
Several studies have used TDS to assess PEF interactions with biological cells. One
study showed that applying a 50 µs pulse with the same energy as a 10 ns pulse to an HL60 (human leukemia cell line) cell suspension induced a longer duration conductivity
change, indicating that the longer duration pulse created a larger relative membrane pore
area than the shorter duration pulse of the same energy [87]. This study periodically
removed the suspension from the sample holder to prevent cell sedimentation to ensure
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even distribution of the cells; however, this introduced some measurement variablility that
motivated future experiments that left the suspension in the sample holder throughout the
experiment [7]. This subsequent study demonstrated that applying five consecutive 150
kV/cm, 10 ns pulses to a Jurkat (human leukemia) cell suspension reduced the cytoplasm
and nucleoplasm conductivity to a steady state approximately fifteen minutes after pulsing
with a concomitant increase in extracellular conductivity [7]. This was consistent with
other experiments that showed the formation of nanopores through the cells’ absorption of
YO-PRO-1 dye [22], [23]. Other TDS experiments have explored the effects of NSPEs on
the nuclear envelope [92] and cell suspension properties in blood [91], whose high
conductivity usually prohibits TDS measurements due to the ensuing electrode polarization
[93].
Because its use of low voltage signals requires sensitive electronics that prohibit its
use in conjunction with intense EPs, previous TDS studies could only assess long-term
electrical behavior and not real-time effects [7], [87]. As mentioned above, TDS is often
limited in measuring the effects of high conductivity or more physiologically relevant
samples due to electrode polarization. This polarization creates an electrical double layer
around the electrode surface which results in a parasitic effect that skews the results [87].
However, more recent studies have added different combinations of capacitors and
resistors to account for this parasitic effect [93], [94]. Low conductivity buffers can
adversely affect cell morphology [95] and the observed electroporation threshold while
introducing a source of error and generally prevents the same diagnostic from being done
in vivo or in physiologically equivalent media [7], [87], [88].
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1.7 Objective: Real Time Electrical Measurements
Alternatively, one may measure the conductivity during the application of
nanosecond high voltage pulses by measuring the current and voltage applied to the
samples [24], [78], [96]–[98]. This measurement allows for a fast response time (depending
on the bandwidth of the probes used) and does not damage the measurement equipment.
This thesis uses this technique to measure the application of nanosecond high voltage
pulses to Jurkat cells suspended in different media with high and low conductivity. The
flow of the ions can be deduced by the change in conductivity of the solution. Increased
solution conductivity implies that the ions move from inside the cell to outside and vice
versa.
This thesis will examine the net ion motion during NSEP application on cell
suspensions in real time to further facilitate a better understanding of the effect that buffer
conductivity, pulse duration, applied energy density, and number of pulses have on the
change in conductivity. This will allow for future research to be done using bipolar pulses
so that treatment optimization can be performed. Chapter 2 explains the experimental
methods and electrical equipment to generate and measure the EPs and assess the biological
samples. Chapter 3 shows the effects of a single nanosecond EP on the cell suspension and
Chapter 4 shows the effects of multiple pulses on the cell suspension. Chapter 5 discusses
the experimental results and the simulations results of the ion motion due to an NSEP.
Finally, Chapter 6 presents the conclusions drawn from these experiments.
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2. MATERIALS AND METHODS

2.1 Cell Suspension Preparation
These experiments used the human T lymphocyte cell line, Jurkat E-61 (American
Type Culture Collection). The cells were cultured for two weeks after unfreezing to achieve
confluency. We then cultured the cells using a growth media comprised of 90% RPMI
1640 with L-glutamine, 10% fetal bovine serum (FBS), and 1/1000th of pinstrep. The cells
were stored in a 37˚C, 5% CO2 environment and grown to a concentration of ~2.5×106
cells/mL of total cells before experiments were performed, with the number of passages
ranging from five to forty.
We examined the cells under a microscope to verify their morphology and used a
Countess automated cell counter (Invitrogen) to count the total number of cells, number of
living cells, number of dead cells, and the cell viability of the suspension. The sample for
the Countess was prepared by adding 10 µL of 0.4% Trypan blue (stain) to 10 µL of the
cell suspension. We then placed 10 µL of this solution on the Countess slide and performed
the count.
After spinning the cell suspension down and aspirating the old growth media, we
added an appropriate amount of the desired media to the cells to obtain a cell concentration
of ~2.5×106 cells/mL. We considered three different media: growth media (GM), Hank’s
balanced salt solution (HBSS), and a low conductivity buffer (LCB) comprised of 229 mM
sucrose, 16mM glucose, 1µM CaCl2, and 5 mM Na2HPO4 [6].
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2.2 Pulse Application
We placed 400 µL of the cell suspension, in the selected media, into electroporation
cuvettes (BIO-RAD Laboratories Inc.) with a 0.2 cm gap. Prior to filling the cuvette, we
gently mixed the suspension by rotating the vial at least four times to create a homogeneous
mixture and prevent cell sedimentation. We treated the cuvette with a single 60 ns or 300
ns EP for all buffers delivered by a Blumlein pulse generator, as shown in Chapter 3. We
also treated the cuvette with one, five, and fifteen pulses using the 60 ns Blumlein pulse
generator for all buffers and the 300 ns pulse generator for the LCB, as shown in Chapter
4. The multiple pulses were treated at a repetition rate of ~ 1 Hz to limit bulk heating. A
single NSEP can cause significant pore formation and ion motion [99]. The application of
multiple pulses can increase the pore density in the cell membrane; however, the average
size will remain constant [23], [100]. The 60 ns Blumlein pulse generator consisted of five
Blumlein pulse generators, made from RG-213, connected in parallel to reduce system
impedance. The 300 ns pulse generator consisted of twelve stages of 2000 pF high voltage
capacitors (TDK) connected in series by inductors. Both pulse generators used an
atmospheric pressure spark gap switch to initiate the pulse. The high voltage lead of the
Blumlein pulse generator was passed through the current probe (Pearson 1V/A model 6585)
while the output was run to the oscilloscope (LeCroy WaveRunner 610Zi 1 GHz, 20GS/s)
through a 20 dB fixed attenuator (Pasternack 1 W, 2 GHz model PE7000-20) with a 1 MΩ
impedance. The high voltage probe (LeCroy 100 MHz, 20 kV model PPE20KV) was
connected to the high voltage lead on the pulse generator while the ground connection was
connected to the ground lead of the cuvette holder on the pulse generator, with the output
connected to the oscilloscope with a 1 MΩ impedance.
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We used a sample cuvette containing the cell suspension in each media to achieve
the desired voltage waveform without changing any properties of the experimental cells.
Despite being a topic of great interest, the relevant scaling of EP induced effects remains
poorly understood with some studies demonstrating a dose or energy deposition effect
[101], [102] and others proposed different scalings [19]. We chose the applied electric field
to maintain the energy density, u, given by
𝑢 = 𝐸 2 𝜏𝑝 𝜎𝑠𝑢𝑠 ,

(6)

where E is the electric field, τp is the full width half max (FWHM) of the pulse, and σsus is
the cell suspension conductivity [87]. The base comparison used to calculate the energy
density applied was the 150 kV/cm, 10 ns pulse used for previous TDS studies [7]. Table
1 summarizes the pulse parameters considered for a single pulse. We applied a single pulse
to the cell suspension and recorded the applied voltage and measured current.
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Table 1: Electric field (E) and pulse full width half max (τp) applied to Jurkat cells
suspended in growth medium (GM), Hank’s balanced salt solution (HBSS), and low
conductivity buffer (LCB).

Media
GM
GM
GM
HBSS
HBSS
HBSS
LCB
LCB
LCB
GM
GM
GM
HBSS
HBSS
HBSS
LCB
LCB
LCB

E
(kV/cm)
4.71
5.89
7.07
4.43
5.54
6.64
18.26
22.82
27.39
10.54
13.18
15.81
9.9
12.38
14.85
40.82
51.03
61.24

τp (ns)
300
300
300
300
300
300
300
300
300
60
60
60
60
60
60
60
60
60

Table 2 summarizes the pulse parameters used in the multiple pulse application,
with results given in Chapter 4. Here we applied one, five, and fifteen pulses to the cell
suspension at a repetition rate of ~ 1 Hz, as described above, and recorded the applied
voltage and measured current.
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Table 2: Electric field (E) and pulse full width half max (τp) applied to Jurkat cells
suspended in growth medium (GM), Hank’s balanced salt solution (HBSS), and low
conductivity buffer (LCB). All electric fields and pulse durations were applied for one,
five, and fifteen pulses.

Media
LCB
LCB
LCB
GM
GM
GM
HBSS
HBSS
HBSS
LCB
LCB
LCB

E
(kV/cm)
18.26
22.82
27.39
10.54
13.18
15.81
9.9
12.38
14.85
40.82
51.03
61.24

τp (ns)
300
300
300
60
60
60
60
60
60
60
60
60

2.3 Post-Pulsing Analysis
After pulsing, we removed 10 µL of the cell suspension from the center of the
cuvette and added it to 10 µL of trypan blue. We placed 10 µL of this solution on the
Countess slide to determine the cell viability after the pulse to ensure that the conductivity
change occurred due to ion flow rather than PEF induced cell lysis.
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Figure 4: Current as a function of voltage to determine the conductivity for cell
suspensions using each of the three different buffers in this study: a) is for growth media
with a slope of 0.0954 ±0.001609 S resulting in a conductivity of 0.7566±0.0129 S/m, b)
is for HBSS resulting in a slope of 0.0972±0.00104 S and a conductivity of
0.771±0.00848 S/m, and c) is for LCB resulting in a slope of 0.00677±4.197x10-5 S and a
conductivity of 0.0555±0.00036 S/m. Each reported data point is the average of three
separate measurements with error bars determined by standard deviation. The standard
deviations for current and voltage are smaller than the data points.

2.4 Calculating Conductivity
We determined the control conductivity of the cell suspension by applying a low
voltage square pulse produced by a function generator (Quantum Composers model 9612),
and measuring the voltage and current across the cell suspension. This experiment was
performed three times at each set voltage on the function generator. The slope of the
average plateau current as a function of average plateau voltage gives the conductance of
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the cell suspension, as shown in Figure 4. We determined σsus using σsus = G d/A, where G
is the cell suspension conductance, d is the distance between the electrodes, and A is the
electrode cross-sectional area, for each trial of the control. We used the LINEST function
in Microsoft Excel to determine the error in G and error propagation to determine the error
in σsus [103].
Each experimental trial was completed three times with the voltage and current
saved for each trial. The voltage and current plotted is the average of the three trials and
the error reported is the standard deviation of the three trials. We determined the cell
suspension conductivity by σsus = Id/(VA), where V is the voltage applied to the cell
suspension and I is the measured current applied to the cell suspension. Using error
propagation [103], we determined the standard deviation in the conductivity, σσ, by
𝜎𝜎2

𝜕𝜎 2 2
𝜕𝜎 2 2
𝜕𝜎 2 2
𝜕𝜎 2 2
= ( ) 𝜎𝐼 + ( ) 𝜎𝑙 + ( ) 𝜎𝑉 + ( ) 𝜎𝐴
𝜕𝐼
𝜕𝑙
𝜕𝑉
𝜕𝐴

(7)

where σ represents standard deviation, ∂ the partial derivative operator, and the subscripts
I, d, v, and A the current, gap distance, voltage, and electrode area respectively. The
standard deviation for d was 0.005 mm and the error in A was propagated using σA = σd
(w2+d2)1/2, yielding σA= 0.119 mm2. The conductivity of each trial from the control and the
experimental sets were then compared using a two-tailed, unequal variance Student’s TTest to determine the statistical significance of any observed changes.

2.5 Modeling Electroporation and Ion Motion During Electric Pulses
To assess the impact of electric pulses on membrane permeabilization, we used a
mathematical model coupling the asymptotic Smoluchowski equation for membrane pore
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formation with the Nernst-Planck equation for electrophoresis and diffusion induced ion
motion for a single pulse [5], [16], [104]. As discussed in Chapter 1, one can write the
equations for plasma membrane pore density and radius as
2

𝑑𝑁
𝑉𝑚
𝑁
= 𝛼 exp ( ) (1 −
2 ),
𝑑𝑡
𝑉𝑒𝑝
𝑁0 exp [𝑞(𝑉𝑚 ⁄𝑉𝑒𝑝 ) ]

(8)

where N is the pore density, α is the creation rate coefficient set to 1×109 m-2s-1 and q =
(rm/r*)2 representing the constant for pore creation. N varies with time t and the inclination
angle, θ, of the cell relative to the applied electric field, q is the pore creation constant, Vep
is the characteristic voltage of electroporation, a is the pore creation rate coefficient, Vm is
the membrane voltage, which is solved self-consistently with Laplace’s equation [16], R is
the pore radius, and the minimum energy radius at Vm=0 is represented by rm and is set to
0.8×10-9 m. Pores initiate at a minimum radius of hydrophilic pores, r* = 0.51 nm [36] and
grow based on
𝑑𝑅𝑗
= 𝑈(𝑅𝑗 , 𝑉𝑚 , 𝜏), 𝑗 = 1,2, … , 𝑘,
𝑑𝑡

(9)

where U is the advection velocity, and τ is the effective membrane tension. The advection
velocity, U, is calculated by
𝐷
𝑉𝑚2 𝐹𝑚𝑎𝑥
𝑟∗ 4 1
𝑈(𝑟, 𝑉𝑚 , 𝜏) =
{
+ 4𝛽 ( ) − 2𝜋𝛾
𝑘𝑇 1 + 𝑟ℎ /(𝑟 + 𝑟𝑡 )
𝑟 𝑟

(10)

+ 2𝜋𝜏𝑟 } 𝑓𝑜𝑟 𝑟 ≥ 𝑟∗ ,
where Fmax is the maximum electric force for Vm=1 V and all the terms are defined in Table
3.
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Table 3: The model parameters used for the growth of pores in the membrane
Variable
D
k
T
rh
rt
β
γ

Definition
Pore radius diffusion coefficient
Boltzmann constant
Ambient temperature
Constant for advection velocity
Second constant for advection velocity
Steric repulsion energy
Edge energy of the pore

Value
5×10-14 m2s-1
1.38×10-23 m2kg s-2K-1
310 K
0.97×10-9 m
0.31×10-9 m
1.4×10-19 J
1.8×10-11 J m-1

The first term in (10) refers to the electric force produced by the transmembrane voltage
differential, the second term represents the steric repulsion of the lipid heads in the
membrane, the third term represents the tension of the pore perimeter, and the fourth term
is the surface tension of the plasma membrane [105].
The final term is a function of the effective tension of the membrane, τ, which is a
function of the total pore area in the membrane calculated using
𝜏(𝐴𝑝 ) = 2𝜎 ′ −

2𝜎 ′ − 𝜎0
𝐴𝑝 2
(1 − 𝐴 )

(11)

and the total pore area, Ap, can be calculated using
𝐾

𝐴𝑝 = ∑ 𝜋𝑟𝑗2 , 𝑗 = 1,2, … , 𝐾 ,

(12)

𝑗=1

where σ0 is the membrane tension without pores, and σ’ is the energy per area of the
hydrocarbon-water interface [105]. The changes in cell shape and volume are ignored
during the tens of nanosecond time scales studied here.
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To assess the motion of Ca2+, Cl-, Na+, K+, and HPO42- ions due to EPs, we coupled
the asymptotic Smoluchowski equation to the Nernst-Planck model for ion transport, given
by [36], [104]
𝜕[𝑋]
= ∇ ∙ (𝑤𝐹𝑧[𝑋]∇𝑉𝑚 ) + ∇ ∙ (𝐷∇[𝑋]),
𝜕𝑡

(13)

where [X] is the molar concentration of the appropriate ion, F is the Faraday constant, z is
the valence number, Vm is the membrane voltage, D is the diffusion coefficient, and the
mechanical mobility is given by w = D/(RT) with R the universal gas constant and T the
temperature. The first term represents electrophoresis, which dominates EP induced ion
motion during the pulse, while the second term represents diffusion, which dominates ion
motion long after the conclusion of the EP [5]. Table 4 summarizes the values of the
parameters in (13). The internal diffusion coefficients are calculated by assuming that the
diffusion coefficient in cytoplasm is approximately one third of the ion’s diffusion
coefficient in water [106].
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Table 4: Model parameters
Symbol
R
T
F
a
h
zCa2+
zClzNa+
zK +
zHPO42DNa,i
DNa,e
DK,i
DK,e
DCa,i
DCa,e
DCl,i
DCl,e
DHPO4,i
DHPO4,e
[Ca2+]i,0
[Ca2+]e,0
[Cl-]i,0
[Cl-]e,0
[Na+]i,0
[Na+]e,0
[K+]i,0
[K+]e,0
[HPO42-]i,
[HPO42-]e,
0
0

Definition
Universal gas constant
Room temperature
Faraday constant
Cell radius
Membrane thickness
Valance Number of Ca2+
Valance Number of ClValence Number of Na+
Valence Number of K+
Valence Number of HPO42Diffusion coefficient of Na+ in cytoplasm
Diffusion coefficient of Na+ in the extracellular solution
Diffusion coefficient of K+ in the cytoplasm
Diffusion Coefficient of K+ in the extracellular solution
Diffusion coefficient of Ca2+ in the cytoplasm
Diffusion coefficient of Ca2+ in the extracellular
Diffusion coefficient of Cl- in the cytoplasm
solution
Diffusion coefficient of Cl- in the extracellular solution
Diffusion coefficient of HPO42- in the cytoplasm
Diffusion coefficient of HPO42- in the extracellular
initial Ca2+ concentration in the cytoplasm
solution
initial Ca2+ concentration in the extracellular solution
initial Cl- concentration in the cytoplasm
initial Cl- concentration in the extracellular solution
initial Na+ concentration in the cytoplasm
initial Na+ concentration in the extracellular solution
initial K+ concentration in the cytoplasm
initial K+ concentration in the extracellular solution
initial HPO42- concentration in the cytoplasm
initial HPO42- concentration in the extracellular

Value
8.314 J/K∙mol
298.15 K
96485 C/mol
5.2 µm [7]
5 nm [36]
+2
-1
+1
+1
-2
422 µm2/s
1334 µm2/s
619 µm2/s
[107] 2
1957 µm /s
250 µm2/s
[107] 2
790 µm /s [107]
640 µm2/s
2030 µm2/s
250 µm2/s
[107] 2
790 µm /s [108]
0.0002 mM
0.001 mM [7]
[109]
4 mM [109]
0.002 mM [7]
12 mM [109]
10 mM [7]
139 mM [109]
0 mM [7]
0 mM [109]
5 mM [7]

solution assess the impact of EP on ion motion, we considered the impact
To qualitatively

of applying a single 9.9 kV/cm and 40.28 kV/cm pulse to the HBSS and LCB buffers,
respectively, with a pulse with a 60 ns duration and 20 ns rise- and fall-times to a single
Jurkat cell. We also compare this to a single 4.4 kV/cm or 18.26 kV/cm pulse to HBSS or
LCB, respectively, with a pulse with 300 ns duration and 50 ns rise- and fall-times. We set
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the intracellular molarity of each ion as 0.275 µM and the initial concentration outside the
cell as 1 µM [5], [6]. The overall change in conductivity due to the ion motion is then
calculated using [110]

𝑘 = 𝐹 ∑|𝑧𝑖 |𝑢𝑖 𝐶𝑖 ,

(14)

𝑖

where k is the suspension conductivity, F is the Faraday constant, zi is the charge of the ion,
ui is the mobility of the ion, and Ci is the concentration of the ion. The ion mobility is given
by [110]

𝑢𝑖 =

|𝑧𝑖 |𝑒
6𝜋𝜂𝑟

(15)

where e is the basic electronic charge, η is the viscosity of the media, and r is the radius of
the ion.

30

3. SINGLE PULSE APPLICATION

This chapter presents the results of applying a single pulse to cell suspensions with
the experimental parameters described in Table 1 in Chapter 2. The cells were suspended
in GM, HBSS, and LCB buffers and a 60 ns and 300 ns pulse were applied to the suspension
using Blumlein pulse generators, as described in Chapter 2. The following figures show
the applied voltage, measured current, change in conductivity, and statistical significance
of this change using a two tailed unpaired T-Test, as described in Chapter 2. This chapter
also shows the simulation results of the change in ion concentration inside the cell during
the application of a single pulse.

3.1 Cells Suspended in Growth Media
Figure 5 (a) and (b) show the current (red) and voltage (black) pulse for the 60 ns
and 300 nsPEFs respectively for approximately the same energy applied based on (1) with
the cells in growth media. We applied 4.71 kV/cm (~0.94 kV) and 10.54 kV/cm (~2.1 kV)
for the 300 ns and 60 ns pulse, respectively. We report the 60 ns pulse duration as the full
width half max (FWHM) because it is less square than the 300 ns pulse. This likely occurs
due to inductive coupling between the cables inside the pulse generator. Figures 6-11 show
similar pulse shapes. Figure 5 (c) and (d) show the conductivity during the pulse (blue)
compared to the control conductivity (green) and the Student’s T-Test p value (magenta)
which measures the statistical significance in the change of conductivity during each pulse
compared to control.
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Figure 5: Applied voltage (black) and measured current (red) applied to cells suspended
in growth media for (a) 60 ns and (b) 300 ns. The conductivity (blue) during the (c) 60 ns
and (d) 300 ns pulses are compared to the control conductivity (green) using the
Student’s T-Test (magenta). Error bars are shown in all plots except the T-Test, although
some may be too small to be visible.
In Figure 5 (c), the average conductivity of the suspension treated with a 60 ns pulse
is ~3 S/m with the error bars growing as the pulse amplitude decreases since the error bars
for both the voltage and current increase, as shown in Figure 5 (a). Figure 5 (d) also shows
the pulsed conductivity reaching a value of just under 3 S/m during the plateau. We note a
slight lag in measured current, which also arises in Figures 6-11 with buffers of similar
conductivities, due to parasitic inductance. In Figures 5 (c) and (d), p < 0.05 for
conductivity for each pulsed sample compared to control, demonstrating statistical
significance.
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Figure 6 (a) and (b) show the voltage (black) and current (red) pulses for
approximately the same energy applied based on (1), for 13.18 kV/cm (~2.6 kV), 60 ns and
5.89 kV/cm (~1.17 kV), 300 ns PEFs, respectively. Figure 6 (c) and (d) show the
conductivity during each pulse (blue) compared to control conductivity (green) and the
Student’s T-Test p value (magenta) to assess the statistical significance between the
conductivities of the pulsed samples and the control.

Figure 6: Applied voltage (black) and measured current (red) applied to cells suspended
in growth media for (a) 60 ns and (b) 300 ns. The conductivity (blue) during the (c) 60 ns
and (d) 300 ns pulses are compared to the control conductivity (green) using the
Student’s T-Test (magenta). Error bars are shown in all plots except the T-Test, although
some may be too small to be visible.

Figure 6 (d) shows that the conductivity following the 300 ns pulse is again ~ 3 S/m,
the same as Figure 5 (d), but Figure 6 (c) shows that the conductivity during the 60 ns is
slightly higher than in Figure 5 (c) for the lower field strength. This shows that the higher

33
field strength causes more ions to leave the cells due to electrophoresis during the pulse
since the nanosecond timescale is much shorter than the diffusion timescale [36]. The lack
of change observed for the higher field strength for the 300 ns pulse suggests that we may
have attained some threshold where increasing field strength and/or pulse duration can
induce no further ion motion. The p value for the Student’s T-Test for both Figure 6 (c)
and (d) is below 0.05 during the plateau, indicating that the PEF induced conductivity
changes are statistically significant.
Figure 7 (a) and (b) show the measured voltage (black) and current (red) for a 15.89
kV/cm (~3.1 kV), 60 ns pulse and a 7.07 kV/cm (~1.41 kV), 300 ns pulse applied to cells
suspended in growth media, respectively. Figure 7 (c) and (d) show the conductivity during
each pulse (blue) compared to the control conductivity (green) along with the Student’s TTest p value (magenta) to assess the statistical significance of the change in conductivity
during the pulse.
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Figure 7: Applied voltage (black) and measured current (red) applied to cells suspended
in growth media for (a) 60 ns and (b) 300 ns. The conductivity (blue) during the (c) 60 ns
and (d) 300 ns pulses are compared to the control conductivity (green) using the
Student’s T-Test (magenta). Error bars are shown in all plots except the T-Test, although
some may be too small to be visible.
Figure 7 (c) shows the conductivity during the pulse to be ~3.5 S/m, similar to that
of Figure 6 (c), and Figure 7 (d) shows the conductivity during the pulse as ~ 3 S/m which
is the same as Figures 5 (d) and 6 (d) for the 60 ns pulse and 300 ns pulse, respectively.
The p value, in Figures 7 (c) and (d), for the Student’s T-Test comparing the conductivities
following either pulse and control during the pulse plateau is below 0.05, showing that the
changes are statistically significant.
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3.2 Cells Suspended in Hank’s Balanced Salt Solution
Figure 8 (a) and (b) show the voltage (black) and current (red) pulses applied to the
cells suspended in HBSS for a 9.9 kV/cm (~1.98 kV), 60 ns and a 4.43 kV/cm (~0.88 kV),
300 ns pulse, respectively. The voltage leads the current, suggesting an added inductance
to the experimental setup in the pulse generator or the cables connecting the diagnostic
equipment. This also arises in Figures 9 (a) and 10 (a). Figure 8 (c) and (d) show the
conductivity during each pulse (blue) compared to the conductivity of the control (green)
and the Student’s T-Test p value (magenta) comparing the conductivity during the pulses
to the conductivity of the control.

Figure 8: Applied voltage (black) and measured current (red) applied to cells suspended
in Hank’s Balanced Salt Solution for (a) 60 ns and (b) 300 ns. The conductivity (blue)
during the (c) 60 ns and (d) 300 ns pulses are compared to the control conductivity
(green) using the Student’s T-Test (magenta). Error bars are shown in all plots except the
T-Test, although some may be too small to be visible.
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The conductivity during the 60 ns pulse in Figure 8 (c) has an average value just
above 2 S/m, which is lower than the conductivity where the same energy was applied to
the cells suspended in growth media using a single 60 ns pulse, as shown in Figure 5 (c),
Figure 9 directly shows this difference in the cell suspension conductivity during 60 ns
pulses applied to cells suspended in either growth media or HBSS.

Figure 9: Applied voltage (black) and measured current (red) for a 60 ns pulse applied to
cells suspended in (a) growth media and (b) Hank’s Balanced Salt Solution. The
conductivity (blue) during the 60 ns pulse in (c) growth media and (d) Hank’s balanced
salt solution are compared to the control conductivity (green) using the Student’s T-Test
(magenta). Error bars are shown in all plots except the T-Test though some may be too
small to be visible.
The conductivity during the pulse in Figure 8 (d) is ~ 3 S/m which is approximately
the same as the conductivity for the same applied energy for the cells in growth media
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using a single 300 ns pulse, as shown in Figure 5 (d). This can be attributed to the buffers
having very similar conductivities. In both Figure 8 (c) and (d) the Student’s T-Test p value
is below 0.05, during the plateau of the pulse, showing that the change in conductivity is
statistically significant.
Figure 10 (a) and (b) show the applied voltage (black) and measured current (red)
pulses applied to the cells suspended in HBSS for pulse durations of 60 ns and 300 ns,
respectively. The voltages applied are 12.38 kV/cm (~ 2.47 kV) and 5.54 KV/cm (~ 1.1
kV) for 60 ns and 300 ns EPs, respectively. Figure 10 (c) and (d) show the conductivity
during each pulse (blue) compared to the control conductivity (green) via the Student’s TTest p value (magenta).
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Figure 10: Applied voltage (black) and measured current (red) applied to cells suspended
in Hank’s Balanced Salt Solution for (a) 60 ns and (b) 300 ns. The conductivity (blue)
during the (c) 60 ns and (d) 300 ns pulses are compared to the control conductivity
(green) using the Student’s T-Test (magenta). Error bars are shown in all plots except the
T-Test, although some may be too small to be visible.

The conductivity during the pulse in Figure 10 (c) is again slightly above 2 S/m
showing the same conductivity as Figure 8 (c) while again being slightly lower than that
observed for the same energy applied for the growth media in Figure 6 (c). The conductivity
during the plateau of the 300 ns pulse in Figure 10 (d) has a value of ~ 3 S/m which again
is about the same for the same applied energy to cells in growth media in Figure 6 (d). In
both Figure 10 (c) and (d) the Student’s T-Test p value is below 0.05 for the plateau,
showing that the change in conductivity is statistically significant.
Figure 11 (a) and (b) show the voltage (black) and current (red) pulse applied to
cells suspended in HBSS for a single 14.85 kV/cm (~2.97 kV), 60 ns pulse and a 6.64
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kV/cm (~1.3 kV), 300 ns pulse, respectively. Figure 11 (c) and (d) show the conductivity
during each pulse (blue) compared to the control conductivity (green) via the Student’s TTest p value (magenta).

Figure 11: Applied voltage (black) and measured current (red) applied to cells suspended
in Hank’s Balanced Salt Solution for (a) 60 ns and (b) 300 ns. The conductivity (blue)
during the (c) 60 ns and (d) 300 ns pulses are compared to the control conductivity
(green) using the Student’s T-Test (magenta). Error bars are shown in all plots except the
T-Test, although some may be too small to be visible.
The conductivity during the pulse in Figure 11 (c) is again slightly above 2 S/m, as
in Figures 8 (c) and 9 (c), but again slightly lower than that of the same energy applied for
the growth media in Figure 7 (c). The conductivity during the plateau of the pulse in Figure
11 (d) has a value of ~ 3 S/m which again is about the same as observed for the same
applied energy in growth media in Figure 7 (d). In both Figure 11 (c) and (d) the Student’s
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T-Test p value is below 0.05, for the plateau, showing that the change in conductivity is
statistically significant.

3.3 Cells Suspended in Low Conductivity Buffer
Figure 12 (a) and (b) show the applied voltage (black) and measured current (red)
pulse applied to cells suspended in low conductivity buffer exposed to a single 40.82
kV/cm (~8.16 kV), 60 ns pulse, and a 18.26 kV/cm (~3.65 kV), 300 ns pulse, respectively.
Figure 12 (c) and (d) show the conductivity during each pulse (blue) compared to the
control conductivity (green) with the Student’s T-Test p value (magenta) presenting the
statistical significance.
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Figure 12: Applied voltage (black) and measured current (red) applied to cells suspended
in the low conductivity buffer for (a) 60 ns and (b) 300 ns. The conductivity (blue) during
the (c) 60 ns and (d) 300 ns pulses are compared to the control conductivity (green) using
the Student’s T-Test (magenta). Error bars are shown in all plots except the T-Test,
although some may be too small to be visible.
The conductivity in Figure 12 (c) decreased during the 60 ns pulse compared to the
control. This differs from the conductivity change during the 300 ns pulse in Figure 12 (d),
where the conductivity increased compared to the control during the pulse, meaning that
the net ion motion is out of the cell. There is a slightly larger than factor of ten difference
between the 60 ns pulsed conductivity and the 300 ns pulsed conductivity. The p value for
the Student’s T-Test for Figures 12 (c) and (d) show that the change is statistically
significant compared to control for both conditions since the value is less than 0.05.
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Figure 13: Applied voltage (black) and measured current (red) applied to cells suspended
in the low conductivity buffer for (a) 60 ns and (b) 300 ns. The conductivity (blue) during
the (c) 60 ns and (d) 300 ns pulses are compared to the control conductivity (green) using
the Student’s T-Test (magenta). Error bars are shown in all plots except the T-Test,
although some may be too small to be visible.

Figure 13 (a) and (b) show the voltage (black) and current (red) pulse applied to
cells suspended in low conductivity buffer for a single 51.03 kV/cm (~10.2 kV), 60 ns
pulse and a 22.82 kV/cm (~ 4.56 kV), 300 ns pulse, respectively. Figure 13 (c) and (d)
show the conductivity during each pulse (blue) compared to the control conductivity (green)
via the Student’s T-Test p value (magenta).
The conductivity in Figure 13 (c) decreases during the pulse compared to the
control, as seen in Figure 12 (c), this is due to the motion of ions from the media moving
into the cell through electrophoresis. This is also different from the conductivity during the
pulse in Figure 12 (d), which shows the conductivity increasing compared to the control

43
during the pulse, meaning the ion motion is from inside the cell to outside the cell, just like
in Figure 12 (d). Again, the conductivity during the 300 ns pulse is slightly greater than ten
times larger than during the 60 ns pulse. The p value for the Student’s T-Test for Figures
13 (c) and (d) show that the change is statistically significant for both cases since the value
is less than 0.05.
Figure 14 (a) and (b) show the voltage (black) and current (red) pulse applied to
cells suspended in low conductivity buffer for a 61.24 kV/cm (~12.2 kV), 60 ns pulse and
a 27.39 kV/cm (~5.48 kV), 300 ns pulse, respectively. Figure 14 (c) and (d) show the
conductivity during the pulse (blue) compared to the control conductivity (green) via the
Student’s T-Test p value (magenta).

Figure 14: Applied voltage (black) and measured current (red) applied to cells suspended
in the low conductivity buffer for (a) 60 ns and (b) 300 ns. The conductivity (blue) during
the (c) 60 ns and (d) 300 ns pulses are compared to the control conductivity (green) using
the Student’s T-Test (magenta). Error bars are shown in all plots except the T-Test,
although some may be too small to be visible.
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The conductivity in Figure 14 (c) decreases during the pulse compared to the
control, as observed also for the 60 ns pulses assessed in Figures 12 (c) and 13 (c),
indicating that ions are moving into the cells. As in the two cases shown in Figures 12 and
13, this differs from the conductivity change observed during the 300 ns pulse of the same
energy Figure 14 (d), where the extracellular conductivity increases above the control
during the pulse, meaning that the ions move from the intracellular fluid to the extracellular
solution. Again, the electrical conductivity of the suspension treated with the 300 ns pulse
is approximately a factor of ten higher than that observed during the 60 ns pulse. The p
value for the Student’s T-Test in Figures 14 (c) and (d) show that the change is statistically
significant in both since the value is less than 0.05.

3.4 Model Results for Ion Motion in Low Conductivity Buffer
We use the mathematical model coupling the asymptotic Smoluchowski equation
for EP induced membrane pore formation with the Nernst-Planck equation for charged
particle motion to assess ion motion, and thus the change in extracellular conductivity, due
strictly to EP-induced effects [36]. Figure 15 shows the ion concentration for (a) sodium,
(b) chloride, (c) potassium, (d) hydrogen phosphate, and (e) calcium during the 60 ns EPs
with 20 ns rise- and fall times and electric fields of 9.9 kV/cm or 40.28 kV/cm for HBSS
and LCB, respectively, and 300 ns EPs with 50 ns rise- and fall-times with electric fields
of 4.4 kV/cm or 18.26 kV/cm for HBSS or LCB, respectively. The simulation was run just
longer than the applied pulse, so the 60 ns pulses do not extend to 300 ns on the plots.

45

Figure 15: Shows the change in ion concentration for (a) sodium, (b) chloride, (c)
potassium, (d) hydrogen phosphate, and (e) calcium. The pulses applied were 60 ns EPs
with 20 ns rise- and fall times and electric fields of 9.9 kV/cm or 40.28 kV/cm for HBSS
and LCB respectively, and 300 ns EPs with 50 ns rise- and fall-times with electric fields
of 4.4 kV/cm or 18.26 kV/cm for HBSS or LCB, respectively.
Figures 16 and 17 show the intracellular concentration of sodium, chloride,
potassium, hydrogen phosphate, and calcium ions during a single 60 ns or 300 ns EPs,
respectively. Figure 16 considers 60 ns EPs with 20 ns rise- and fall times and electric
fields of 9.9 kV/cm or 40.28 kV/cm for HBSS or LCB, respectively, to fix the energy of
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the pulses. Similarly, Figure 17 considers 300 ns EPs with 50 ns rise- and fall-times with
electric fields of 4.4 kV/cm or 18.26 kV/cm for HBSS or LCB, respectively.

Figure 16: Modeled change in the intracellular ion motion for (a) sodium, (b) chloride, (c)
potassium, (d) hydrogen phosphate, and (e) calcium during a 60 ns electric pulse with a
20 ns rise- and fall-time and electric field of 9.9 kV/cm and 40.28 kV/cm to the HBSS
and LCB buffers, respectively, to match the experimental parameters.
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Figure 17: Modeled change in the intracellular ion motion for (a) sodium, (b) chloride, (c)
potassium, (d) hydrogen phosphate, and (e) calcium during a 300 ns electric pulse with a
50 ns rise- and fall-time and electric field of 4.4 kV/cm and 18.26 kV/cm to the HBSS
and LCB buffers, respectively, to match the experimental parameters.

Figure 16 shows that the intracellular ion concentration decreases for each ion
except for hydrogen phosphate, for which the EP induces no discernable ion motion. These
results suggest that electrophoresis, the dominant electrical induced mechanism for ion
motion on these timescales, would likely cause extracellular conductivity to decrease
slightly due to the movement of ions into the cell. That being said, the changes in
intracellular concentration are less than 1% of the total intracellular ion concentration.
For the 300 ns EP shown in Figure 17, the intracellular ion concentrations of sodium,
hydrogen phosphate, and calcium increase. In particular, the hydrogen phosphate and
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calcium changes for the LCB are fairly large from a percentage change perspective
compared to the reductions in chloride and potassium. However, all the changes are at most
on the order of tens of micromolar and are generally offset by similar changes in the other
direction (for instance the increases sodium and hydrogen phosphate are each on the order
of 10 µM while the decreases in chloride and potassium are approximately 5 µM and 100
µM, respectively).
A more complete way to consider this is to calculate the change in conductivity
using (14) and (15) for each EP and buffer condition. However, the simple model we
presented here cannot accurately make this calculation since it only considers a single cell.
While we could, in principle, take the change in a single cell and multiply it by the number
of cells, this would not necessarily account for the potential interactions between cells
concerning ion uptake or release. Additionally, (14) and (15) show that the suspension
conductivity changes as the ions move. The present model does not self-consistently solve
for this change during pulse application. Furthermore, the cell itself may change size and
shape during pulse application due to osmotic swelling [78], which can subsequently
impact suspension conductivity and the calculations carried out immediately above.
Finally, we considered simply a handful of ions to demonstrate the impact of EPs on ion
motion; however, the cell suspension and cells also contain a number of larger
macromolecules that can impact conductivity.
Although calculating the conductivity change of a cell suspension may be very
complicated and misleading unless the factors above can be successfully incorporated, a
simpler calculation considering the intracellular conductivity change in a single cell can
provide some insight into electrophoresis-induced conductivity change. Figure 18 shows
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that the intracellular conductivity of a single cell initially decreases following treatment
with either pulse duration when immersed in either conductivity. We note that the change
is several orders of magnitude smaller than the intracellular conductivity for a single cell;
however, the impact on extracellular conductivity would be large if one considers all the
cells present. Also, the intracellular conductivity eventually increases during the 300 ns
EP regardless of buffer solution; however, as pointed out above, the behavior eventually
becomes more complicated when considering the interactions between multiple pulses and
the change in the conductivity during the EP, which are neglected in this initial calculation.
Nevertheless, the initial decrease in intracellular conductivity for either pulse duration and
buffer solution suggests that the extracellular conductivity will initially increase if
electrophoresis is the dominant mechanism. This agrees with the experimental
observations except for the 60 ns EP treatments in low conductivity buffer.

Figure 18: Change in calculated intracellular conductivity due to ion motion in both
HBSS and LCB during the (a) 60 ns pulse with 20 ns rise and fall-times and (b) 300 ns
pulse with 50 ns rise- and fall-times.
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4. MULTIPLE PULSE APPLICATION

This chapter presents the results of applying multiple pulses to cell suspensions
with the experimental parameters described in Table 2, in Chapter 2. The cells were
suspended in GM, HBSS, and LCB buffers and exposed to a train of either 60 ns or 300 ns
EPs generated using Blumlein pulse generators, as described in Chapter 2. The following
figures show the applied voltage, measured current, change in conductivity, and statistical
significance of this change using a two tailed unpaired T-Test, as stated in Chapter 2.

4.1 Cells Suspended in Growth Media
Figures 19, 20, and 21 show the results for 60 ns EPs applied to Jurkat cells in GM
with electric fields of 10.54 kV/cm (~2.1 kV), 13.18 kV/cm (~2.6 kV), and 15.89 kV/cm
(~3.1 kV), respectively. In all cases, (a), (b), and (c) show the current (red) and voltage
(black) pulse during the last pulse in trains of one, five, and fifteen pulses, respectively.
We report the 60 ns pulse duration as the full width half max (FWHM) since the pulse is
not trapezoidal due to inductive coupling between the cables inside the pulse generator.
In all cases, (d), (e), and (f) show the conductivity during the pulse (blue) compared
to the control conductivity (green) and the Student’s T-Test p value (orange), which
measures the statistical significance in the calculated change of conductivity during each
pulse compared to control. The average conductivity in each case is ~3 S/m with the error
bars growing throughout the pulse since the error bars for both voltage and current grow
and p < 0.05 compared to control, indicating that the conductivity change is statistically
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significant. We also note a slight lag in measured current due to parasitic inductance,
although this does not dramatically alter the general trend of large increase in suspension
conductivity due to the pulse. Figure 21 (e) has a larger p value than the other plots due to
only having two trials to compare instead of three due to experimental error.

Figure 19: Applied voltage (black) and measured current (red) applied to cells suspended
in growth media for 60 ns following trains of (a) one, (b) five, and (c) fifteen pulses. The
conductivity (blue) during the (d) first, (e) fifth, and (f) fifteenth pulses are compared to
the control conductivity (green) using the Student’s T-Test (orange). Error bars are
shown in all plots except the T-Test, although some may be too small to be visible.
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Figure 20: Applied voltage (black) and measured current (red) applied to cells suspended
in growth media for 60 ns following trains of (a) one, (b) five, and (c) fifteen pulses. The
conductivity (blue) during the (d) first, (e) fifth, and (f) fifteenth pulses are compared to
the control conductivity (green) using the Student’s T-Test (orange). Error bars are
shown in all plots except the T-Test, although some may be too small to be visible.

Figure 21: Applied voltage (black) and measured current (red) applied to cells suspended
in growth media for 60 ns following trains of (a) one, (b) five, and (c) fifteen pulses. The
conductivity (blue) during the (d) first, (e) fifth, and (f) fifteenth pulses are compared to
the control conductivity (green) using the Student’s T-Test (orange). Error bars are
shown in all plots except the T-Test, although some may be too small to be visible.
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4.2 Cells Suspended in Hank’s Balanced Salt Solution
Figures 22, 23, and 24 show the results for 60 ns EPs applied to Jurkat cells in
HBSS with electric fields of 9.9 kV/cm (~1.98 kV), 12.38 kV/cm (~2.47 kV), and 14.85
kV/cm (~2.97 kV), respectively. In all cases, (a), (b), and (c) show the current (red) and
voltage (black) pulse during the last pulse in trains of one, five, and fifteen pulses,
respectively. We note a lag in measured current, which also arises in Figures 19-24 with
buffers of similar conductivities, due to parasitic inductance. As for growth media, we
report the 60 ns pulse duration as the FWHM since the pulse is not trapezoidal due to
inductive coupling between the cables inside the pulse generator.

Figure 22: Applied voltage (black) and measured current (red) applied to cells suspended
in HBSS for 60 ns following trains of (a) one, (b) five, and (c) fifteen pulses. The
conductivity (blue) during the (d) first, (e) fifth, and (f) fifteenth pulses are compared to
the control conductivity (green) using the Student’s T-Test (orange). Error bars are
shown in all plots except the T-Test, although some may be too small to be visible.
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Figure 23: Applied voltage (black) and measured current (red) applied to cells suspended
in HBSS for 60 ns following trains of (a) one, (b) five, and (c) fifteen pulses. The
conductivity (blue) during the (d) first, (e) fifth, and (f) fifteenth pulses are compared to
the control conductivity (green) using the Student’s T-Test (orange). Error bars are
shown in all plots except the T-Test, although some may be too small to be visible.

Figure 24: Applied voltage (black) and measured current (red) applied to cells suspended
in HBSS for 60 ns following trains of (a) one, (b) five, and (c) fifteen pulses. The
conductivity (blue) during the (d) first, (e) fifth, and (f) fifteenth pulses are compared to
the control conductivity (green) using the Student’s T-Test (orange). Error bars are
shown in all plots except the T-Test, although some may be too small to be visible.
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Figures 22, 23, and 24 (d)-(f) show that the average cell suspension conductivity
during final pulse of a train of one, five, and fifteen pulses, respectively, is ~ 0.1 S/m with
the error bars growing throughout the pulse since the error bars for both the voltage and
current increase, as slight changes in rise and fall-times will. However, the lag in current
in each cases suggests that calculated suspension conductivity may not be valid even
though we calculated p < 0.05, which indicates that the results are statistically significant
when compared to the control.

4.3 Cells Suspended in Low Conductivity Buffer
4.3.1

60 ns electric pulses
Figures 25, 26, and 27 show the results for 60 ns EPs applied to Jurkat cells in LCB

with electric fields of 40.82 kV/cm (~8.16 kV), 51.03 kV/cm (~10.2 kV), and 61.24 kV/cm
(~12.25 kV), respectively. In all cases, (a), (b), and (c) show the current (red) and voltage
(black) pulse during the last pulse in trains of one, five, and fifteen pulses, respectively.
As for the other buffers, we report the 60 ns pulse duration as the FWHM since the pulse
is not trapezoidal due to inductive coupling between the cables inside the pulse generator.
For each pulse, parts (d), (e), and (f) show the conductivity during the final pulse
(blue) of a train of one, five, and fifteen pulses, respectively, compared to the control
conductivity (green) and the Student’s T-Test p value (orange), which measures the
statistical significance in the change of conductivity during each pulse compared to control.
In each case, the conductivity decreases to 0.01 S/m with p < 0.05, indicating that the
results are statistically significant. This reduced conductivity indicates that net ion motion
is from the extracellular fluid into the cell.
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Figure 25: Applied voltage (black) and measured current (red) applied to cells suspended
in LCB for 60 ns following trains of (a) one, (b) five, and (c) fifteen pulses. The
conductivity (blue) during the (d) first, (e) fifth, and (f) fifteenth pulses are compared to
the control conductivity (green) using the Student’s T-Test (orange). Error bars are
shown in all plots except the T-Test, although some may be too small to be visible.

Figure 26: Applied voltage (black) and measured current (red) applied to cells suspended
in LCB for 60 ns following trains of (a) one, (b) five, and (c) fifteen pulses. The
conductivity (blue) during the (d) first, (e) fifth, and (f) fifteenth pulses are compared to
the control conductivity (green) using the Student’s T-Test (orange). Error bars are
shown in all plots except the T-Test, although some may be too small to be visible.
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Figure 27: Applied voltage (black) and measured current (red) applied to cells suspended
in LCB for 60 ns following trains of (a) one, (b) five, and (c) fifteen pulses. The
conductivity (blue) during the (d) first, (e) fifth, and (f) fifteenth pulses are compared to
the control conductivity (green) using the Student’s T-Test (orange). Error bars are
shown in all plots except the T-Test, although some may be too small to be visible.

4.3.2

300 ns electric pulses
Figures 28, 29, and 30 show the results for 300 ns EPs applied to Jurkat cells in

LCB with electric fields of 18.26 kV/cm (~3.65 kV), 22.82 kV/cm (~4.56 kV), and 27.39
kV/cm (~5.48 kV), respectively. In all cases, (a), (b), and (c) show the current (red) and
voltage (black) pulse during the last pulse in trains of one, five, and fifteen pulses,
respectively. As for the other buffers, we report the 60 ns pulse duration as the FWHM
since the pulse is not trapezoidal due to inductive coupling between the cables inside the
pulse generator.
For each pulse, parts (d), (e), and (f) show the conductivity during the final pulse
(blue) of a train of one, five, and fifteen pulses, respectively, compared to the control
conductivity (green) and the Student’s T-Test p value (orange), which measures the
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statistical significance in the change of conductivity during each pulse compared to control.
In each case, the conductivity increases to ~0.02 S/m with p < 0.05, indicating that the
conductivity change is statistically significant. This increased conductivity indicates that
net ion motion is from the intracellular fluid out of the cell.

Figure 28: Applied voltage (black) and measured current (red) applied to cells suspended
in LCB for 300 ns with the applied number of pulses (a) one, (b) five, and (c) fifteen. The
conductivity (blue) during the (d) first, (e) fifth, and (f) fifteenth pulses are compared to
the control conductivity (green) using the Student’s T-Test (orange). Error bars are
shown in all plots except the T-Test, although some may be too small to be visible.

59

Figure 29: Applied voltage (black) and measured current (red) applied to cells suspended
in LCB for 300 ns with the applied number of pulses (a) one, (b) five, and (c) fifteen. The
conductivity (blue) during the (d) first, (e) fifth, and (f) fifteenth pulses are compared to
the control conductivity (green) using the Student’s T-Test (orange). Error bars are
shown in all plots except the T-Test, although some may be too small to be visible.

Figure 30: Applied voltage (black) and measured current (red) applied to cells suspended
in LCB for 300 ns with the applied number of pulses (a) one, (b) five, and (c) fifteen. The
conductivity (blue) during the (d) first, (e) fifth, and (f) fifteenth pulses are compared to
the control conductivity (green) using the Student’s T-Test (orange). Error bars are
shown in all plots except the T-Test, although some may be too small to be visible.
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5. DISCUSSION OF RESULTS

Figures 5-11, 19-21, and 28-30 show that the extracellular conductivity increases
during electric pulse application, indicating ion flow out of the cell. This agrees with
previous trends in electrical conductivity long after (on the order of minutes to tens of
minutes) electric pulse exposure, [7], [87] This difference in time scale is crucial since the
long time after pulse application considered in previous studies meant that diffusion
through long-lived pores drove ion motion. For instance, previous experiments considering
a train of 10 ns pulses applied to Jurkat cells in a low conductivity buffer showed that
intracellular conductivity decreased while the extracellular conductivity increased one
minute following pulsed exposure, indicating ion motion from inside the cell to outside [7],
[87]. This also agrees with real-time measurements of EPs more representative of
electroporation conditions [78].
Since the repetition rate for multiple pulses was ~1 Hz, the time between EPs is
much longer than the diffusion time of ions in the cells, which is on the order of ~ 5 ms [5].
The conductivity during a given pulse does not change greatly during the pulse from the
first to the fifteenth pulse during the train, as shown in Figures 19-30. This is likely due to
the long time between pulses where diffusion dominates ion motion resulting in the ions
ability to move back to approximately the initial concentrations between pulses. Previous
work has shown that applying multiple pulses can increase the pore density in the plasma
membrane. Thus, one may expect the ion concentrations to change more after the
application of subsequent pulses [23], [100]. Since this is a closed system no additional
ions are introduced which means that a sufficiently long time between pulses will permit
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the system to return to equilibrium between pulses if no significant change in viability
occurs.
On the other hand, the present study considers ion motion during electric pulse
delivery, meaning that electrophoresis, or ion motion along applied electric field lines, is
the dominant electrical mechanism [36]. The experimental results, besides the multiple
pulses with the cells suspended in HBSS, were repeatable and showed a statistically
significant change in the conductivity of the cell suspension during the plateau of the
applied pulse. Although the diagnostic equipment and pulse generator design may add
some inductance to the system, the plateaus in measured voltage and current align in time,
showing the general motion of the ions in the solution. The added inductance is easily seen
in Figures 22-24 when the current pulse lags behind the voltage pulse, this was corrected
for the single pulse experiments in Figures 8-11.
The conductivity change in Figures 5-11 and 19-21 is much greater than that in
Figures 12-14 and 25-30. In fact, the 60 ns pulse in low conductivity buffer actually
exhibits the opposite behavior of the conditions in that the extracellular conductivity is
lower than the control conductivity for both the single pulses and multiple pulses. While
other studies have shown the extracellular conductivity can impact pore formation [111],
that would only alter the magnitude of the changes (as noted in the 300 ns electric pulse)
and not the direction of the change. While changing the conductivity may alter the
sensitivity of cells to permeabilization [77], we would not necessarily expect the dramatic
reversal noted in our studies. This motivates additional assessment of the potential
mechanisms that may contribute to ion motion in electropermeabilization.
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Because electrophoresis is the dominant electrical mechanism during EP
application, we applied a mathematical model of an electric pulse to a low conductivity
buffer solution containing typical biological cell to qualitatively examine the motion of
typical ions, specifically Ca2+, Cl-, Na+, K+, HPO42+, and approximate the change in
intracellular conductivity. Based strictly on electrophoresis, we would expect the
conductivity inside the cell to decrease as shown by the calculation results in Figure 17.
This contradicts the experimental results for the 60 ns pulse in Figure 12-14 and 25-27.
The observation that the 60 ns electric pulse and LCB buffer solution condition
contradicts the purely electrical mechanism suggests that non-electrical mechanisms must
play an important role during pulse application. Thus, we consider the impact of three nonelectrically (at least, not purely electrical) based phenomena on cell function: shock waves,
plasma membrane temperature gradients, and colloid-osmotic swelling.

5.1 Shock Waves
One non-electrical mechanism under investigation for NSEP induced biological
effects is the formation of shock waves [74]–[77]. Shock waves have been used for years
to permeabilize mammalian cells in vitro [112], [113]. Applying NSEPs with opposite
polarity a short (within approximately a few hundred nanoseconds) time apart results in a
cancellation of biological effects [32]–[34]. This effect is particularly interesting since
experiments suggest that it does not occur when the time between the bipolar pulses is
sufficiently long [32], [34] and does not generally occur for bipolar pulses of long duration
[17] with the transition of monopolar efficiency having greater impact on the bipolar
efficiency observed to occur for pulse durations on the order of a few µs in one case [15].
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While one may expect cancellation in ion flow due to the reversal in electric field
lines that drive electrophoresis during pulse application, intuition would lead one to believe
that other effects, such as cell death and permeabilization, would be additive since the
magnitude of the field should drive the effect. The observations that counter this
expectation motivated additional assessment leading to the current hypothesis that
mechanical effects, such as shock waves, may induce this cancellation. Since an intense,
NSEP will induce a shock wave in the suspension, applying another intense field a
sufficiently short time after the first may effectively cancel out the first. Several
experimental and numerical studies have attempted to quantify this behavior and assess the
impact of pulse duration, intensity, and extracellular conductivity [74]–[77]. Generally
speaking, increasing the pulse duration, intensity, and conductivity increase the pressure
transient formation [74]–[77].
It has been hypothesized that pore formation in the cellular membrane is not purely
dielectric but is a function of charge present in the media [111]. The fact that the pore
formation is a function of conductivity and the pressure transient is also a function of
conductivity may suggest that the decrease in conductivity in Figures 12-14 (c) and Figures
25-27 (d)-(f) is due to the lack of pressure wave formation. The higher conductivity media,
GM and HBSS, both have a higher concentration of ions and the creation and propagation
of a pressure transient is more likely than in the lower conductivity media. Thus, the shorter
duration pulse in LCB may not have the sufficient energy density to create a significant
pressure transient in the media.
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5.2 Plasma Membrane Temperature Gradients
Temperature gradients can also impact EP interactions with the plasma membrane
[54]–[57], [73], [114]. Considering the simple case of a single cell exposed to a Gaussian
shaped pulse, one can derive analytic expressions for the temperature change and
temperature gradient across a membrane and, furthermore, across a biological cell [54].
Reducing the pulse duration dramatically increased the temperature gradient, which could
potentially induce an additional membrane voltage by the thermoelectric effect [54].
Assuming a relationship between the temperature gradient and additional membrane
voltage based on molecular dynamics simulations in water as a first order approximation
yielded a condition for a temperature gradient induced electroporation threshold based on
either constant energy or constant power density electromagnetic radiation [114].
Subsequent molecular dynamics simulations demonstrated that applying a temperature
gradient across a membrane in addition to the applied EP had a synergistic effect on
inducing electroporation [57].
The experimental results in the current study indicate that all cases induce increased
suspension conductivity except for the 60 ns pulses in LCB. Given that we considered cases
with the same energy level, we anticipated that the maximum temperature gradient would
be higher for the shorter pulses, as previously shown both analytically and numerically
[54]. This suggests that the membrane temperature gradient will be an important
contributor for the 60 ns pulse for the higher conductivity buffer solutions since previous
measurements showed that the intracellular conductivity will be lower than the
extracellular conductivity in these cases.
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However, the buffer solution conductivity also contribute to temperature gradient
formation since it is electrically in parallel with the biological cell and the temperature
gradient [54]. Simple circuit analysis showed that one could typically neglect the
membrane for calculating the temperature gradient across the extracellular fluid and the
intracellular fluid since the power densities in the extracellular fluid and across the cell
membrane were equal [54]. Changing the buffer solution conductivity will change the
balance of this ratio since the power density of the fluid, dQfluid/dt ~ E2σfluid, where E is the
electric field and σfluid is the extracellular fluid conductivity [54]. Thus, reducing the buffer
solution from ~0.8 S/m to ~0.05 S/m (a factor of 16) may alter the heat dissipated in the
cell membrane depending upon the membrane conductivity. That being said, to first order,
inverting the ratio of intracellular to extracellular conductivity mainly changes the direction
of the temperature gradient and not the magnitude. Thus, if temperature gradients induce
ion motion through the Soret effect, the impact of the reversed temperature gradient would
be to alter the direction of ion flow. Given the potential for a reduced temperature gradient
due to increased energy deposition by the membrane, one may anticipate that such a
response may be muted for the 60 ns EP in low conductivity buffer. Since the temperature
gradient is larger than the 300 ns EP, other effects (such as electrophoresis or shock waves)
may dominate for that condition.

5.3 Colloid-Osmotic Swelling
A final potential contributing factor observed during real-time electroporation
conductivity measurements involves colloid-osmotic swelling [78]. Permeabilized cells
can swell because of the osmotic pressure that arises due to the difference in the
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permeabilities of ions and macromolecules inside the cell. Although one may anticipate
that this would be more likely to arise for a 300 ns EP of the same energy than a 60 ns EP
due to the greater potential for membrane charging, it is possible that the combination of
the factors above help drive ion motion and permeabilization could result in this behavior.
This further motivates the need to better understand the multiphysics phenomena that arise
during EP exposure.
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6. SUMMARY AND CONCLUSION

Using (6) to maintain constant energy density, we applied three sets of 60 ns and
300 ns electric pulses of the same energy to Jurkat cells suspended in three different media:
growth media, HBSS, and LCB. We measured the voltage and current applied to the cell
suspension during the pulses to determine the resulting change in cell suspension. A
Student’s two tailed T-Test showed that the resulting changes in cell conductivity were
statistically significant for all pulses considered, except for the multiple 60 ns pulses
applied to the cells suspended in HBSS due to added inductance in the experimental setup.
The conductivity of the pulsed cell suspension in the higher conductivity solutions
(growth media and HBSS) increased, indicating that ions generally moved from inside the
cell to the external buffer solution. In LCB, the longer duration pulses (300 ns) exhibited a
similar conductivity increase; however, the shorter duration pulses (60 ns) induced a
conductivity decrease compared to the untreated control, showing that the ions tended to
move from the external media to the intracellular fluid. A mathematical model coupling
the asymptotic Smoluchowski equation for electric pulse induced membrane pore
formation with the Nernst-Planck model for ion motion due to electrophoresis (during the
pulse) and diffusion (dominant after the pulse) showed that a pure electrical effect would
cause all electric pulse parameters studied here to induce a conductivity increase, as
observed in all cases except for the 60 ns pulses in the lower conductivity buffer solution.
This indicates that some non-electrical mechanism must drive ion motion on these short
time scales in the lower conductivity buffers.
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Trains of five and fifteen pulses increased cell suspension conductivity in GM. The
conductivity after the final pulse of the train was the same as after a single pulse. This
likely occurs because there is sufficient time after each pulse for ions to return to the cell.
The conductivity for the HBSS suspension decreased during the EP; however, this decrease
may be due to the parasitic inductance in the diagnostic equipment causing the current to
lag the applied voltage rather than due to change in ion flow. The final 300 ns pulse applied
to the cells in LCB increased the suspension conductivity by approximately the same
magnitude as a single pulse. The final 60 ns pulse induced a statistically significant
decrease in conductivity compared to control for all pulse trains with the same approximate
change as for a single pulse.
As discussed in Chapter 5, potential phenomena that may contribute to this behavior
include electric pulse induced plasma membrane temperature gradients, electric pulse
induced shock waves, and colloid-osmotic swelling. The observations above suggest the
possibility that each mechanism is involved and that they may interact synergistically to
drive the behavior on the nanosecond timescale.
Thermal gradients contribute to pore formation and ion motion across the plasma
membrane [57]. Simulations show that with the same applied electric field, the temperature
gradient can be the determining factor in the development of pores in the plasma membrane
[57]. Shorter pulses generate a larger temperature gradient and higher conductivity media
also generate a larger temperature gradient [57]. This increase in thermal gradients may
contribute to the increased ion motion observed for the longer (300 ns) pulses in all buffers
and the shorter (60 ns) pulses in the higher conductivity buffers.
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The shock waves generated by NSEPs are greater in higher conductivity buffers
[75], [76], however the shock waves alone do not apply a sufficient mechanical stress to
the plasma membrane to initiate pore formation [76]. The electric field will play the main
role in the initiation of pore in the plasma membrane; however, the shock waves produced
in the buffer may enhance ion motion across the plasma membrane. This may contribute
to the larger conductivity increases in the higher conductivity media and for longer pulses
in the lower conductivity media.
Colloidal-osmotic swelling can lead to conductivity decreases for longer duration
pulses due to the increased appearance of longer lived pores [78], [81]. For EPs, this
resulted in greater fluid exchange between the cells and the buffer long after EP application.
This swelling during an EP could contribute to the reduced conductivity for shorter and
longer EP in LCB. Future experiments could investigate cell physiology after the final
pulse in the pulse train to determine the impact of EP parameters and buffer conductivity
on cell size and morphology.
While the measurements performed here cannot answer all questions about realtime ion motion during an EP, they do provide a simple method for assessing general
behavior. For instance, this method would enable the assessment of the impact of different
pulse parameters on ion motion, particularly bipolar EPs. Determining the role thermal
gradients, induced shock waves, and colloidal-osmotic swelling have on ion motion allows
for the tenability of bipolar pulses. The real time measurements of ion motion allow for the
ability to tune the different pulse parameters to optimize the desired biological effects on
the cells. For instance, bipolar pulses have been shown to be more efficient in
permeabilization [12], [15]–[17] and the reversal of the field results in the reversal of the
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electrophoretic force driving ion motion during the EP [33]. The calcium uptake in CHO
cells has been shown to decrease for bipolar cells when the cells were examined after the
application of the pulse [33]. However, further investigation into the ion motion during the
application of bipolar pulses could result in a deeper understanding of ion motion and a
better optimization for pulse parameters. The study of ion motion during bipolar EPs would
show if the results shown here are also seen to determine if this is a case specific
phenomenon or a universal phenomenon. Also, showing the difference in ion motion
behavior as a function of buffer conductivity allows for the elucidation of treatment
feasibility in vitro. Coupling conductivity measurements long after the EP, TDS, with real
time ion motion also provides a more complete understanding of ion motion during and
after EP application. This will further allow for the optimization for in vitro treatments.
One potential hindrance that would require further effort concerns the
measurements during the EP rise- and fall-times. In these cases, further system design to
mitigate system inductance, which causes misalignment in the voltage and current rise- and
fall-times that leads to spurious suspension conductivity calculations, could improve the
accuracy of the measurements. A more detailed design of experiment of bipolar EPs, in
parallel with measurements and calculations of the resulting pressure transients and/or
suspension temperature changes, could further elucidate the multiphysics phenomena
responsible for electropermeabilization and ion motion. For instance, recent modeling
efforts have demonstrated that the reversal of ion motion during bipolar NSEPs can be
explained electrically [31]. Incorporating the impact of EP-induced temperature within the
Smoluchowski equation, as previously done analytically through scaling arguments [114]
would permit some degree of multiphysics coupling. One may then incorporate the impact
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of thermophoresis [53] for ion motion along a temperature gradient to the model
summarized in (3) through (5). Subsequent extensions may also include pressure waves,
which would impact both the membrane and ion motion.
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